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ABSTRACT: This work describes the possible use of thick Early Cretaceous clay deposits, which
occur in the southern sector of the Sierra de la Demanda range, as raw materials in the manufacture
of ceramic articles. The global mineralogical composition is characterized by high proportions of
phyllosilicates and quartz with variable quantities of feldspars, carbonates and hematite. The clay
mineralogy differentiates two types of raw materials: illitic clay and kaolinitic-illitic clay. A
granulometric distribution in the 2ÿ60 mm fraction, good behaviour during the drying stage and
acceptable results in firing tests confirmed that most samples can be utilized as raw material in the
building ceramics industry. The range of suitable firing temperatures for these materials is
950ÿ1000ëC, a temperature which needs to be raised for samples with a high percentage of kaolinite
and quartz. Moreover, other materials with abundant calcite (20ÿ30%) are suitable for use as
modifiers of some properties or colour.
KEYWORDS: illitic clays, kaolinitic-illitic clays, ceramic properties, fluvial systems, Cameros river basin, Spain.
We have studied the constituent materials of the
sedimentary filling of the western section of the
Cameros basin (Sierra de la Demanda, Northern
Spain). This is the first investigation carried out in
the area on the utilization of clay materials in the
ceramics industry. Our main aim was to char-
acterize the materials, applying several techniques
and performing experimental ceramic tests in the
laboratory in order to deduce if these clays are
suitable raw materials for use in the manufacture of
ceramic building elements.
To our knowledge, there is no company working
in this particular industrial sector in the study area.
Therefore, the study itself is pioneering in terms of
opening up new economic development prospects
for the area.
Before undertaking the ceramics study, a
sedimentological and mineralogical characterization
of all materials occurring in the basin was
* E-mail: carlos.sanchez@uclm.es.
DOI: 10.1180/0009855054010153
ClayMinerals (2005) 40, 25±41
# 2005 The Mineralogical Society
performed. This characterization enabled us to
predict which raw materials would be most suitable
for the ceramics industry, and to determine their
geographical distribution throughout the basin. The
latter aspect allowed us to estimate whether their
exploitation would be profitable on the basis of
extension and distribution of the various stratigra-
phical levels and formations.
GEOLOGICAL SETT ING
The Cameros basin (Burgos-Soria-La Rioja) is
located in the north-western part of the Cordillera
IbeÂrica (northern Spain) and is bordered by the
Tertiary Duero, Ebro and AlmazaÂn Depressions
(Fig. 1a). It was formed in the context of an
interplate rifting process which took place between
the Late Jurassic and Early Albian periods (Mas et
al., 1993; GuimeraÂ et al., 1995; Salas et al., 2001).
It has been interpreted as a syncline basin
developed on an extensional ramp dipping south-
wards and joining two structural terraces on a fault
which reaches a depth of several kilometres (Mas et
al., 1993; MartõÂn Closas and Alonso MillaÂn, 1998).
During the Tertiary Period, Alpine compression
produced an inversion of the basin, causing the
formation of a large overthrust in the northern
sector, on to the Tertiary Ebro Basin, and a system
of smaller imbricated overthrusts on to the southern
edge of the Duero Basin (GuimeraÂ et al., 1995).
The Cameros basin is divided into Cameros
Oriental, or Eastern Cameros sub-basin, with high
rates of sedimentation and subsidence, which is
affected by low-grade metamorphism and hydro-
thermal activity (Casquet et al., 1992; Alonso-
AzcaÂrate et al., 1995; Barrenechea et al., 1995) and
Cameros Occidental, or Western Cameros sub-
basin, bearing thick levels of lutites under early
diagenetic conditions (Arribas et al., 2003).
The studied materials correspond to the sedimen-
tary filling of the western sector of the Cameros
basin (Fig. 1b), in which seven depositional
sequences have been distinguished (Arribas et al.,
2003): SD-1 (Nuestra SenÄ ora de Brezales
Formation), SD-2 (Jaramillo de la Fuente
Formation), SD-3 (RõÂo del Salcedal Formation) all
from Titonic±Berriasian; SD-4 (PenÄacoba Formation,
Valanginian±Hauterivian), SD-5 (Pinilla de los
Moros Formation, late Hauterivian±early
Barremian), SD-6 (Pantano de la Cuerda del Pozo
Formation, Barremian) and SD-7 (Abejar and
Castrillo de la Reina Formations, Barremian±late
Aptian). These sequences are equivalent to the seven
depositional sequences described by MartõÂn Closas
and Alonso-MillaÂn (1998). The uppermost sequences
consist of tracks of fining-upward fluvio-alluvial
deposits, causing a large recurrence of facies.
MATER IALS AND METHODS
The mineralogical study was performed on 68
samples corresponding to the lutite and marly
levels of the eight stratigraphic sections taken to
represent the whole of the basin's sedimentary fill
(Fig. 2). The location of these stratigraphic sections
is shown in Fig. 1a: three are in the northern sector
(TRZ, CTV and MON), three in the central sector
(MUR, GAN and GAS) and two in the southern
sector (PEN
Ä
and AHE).
After grinding and homogenizing the materials to
<53 mm, their global mineralogy was studied by
X-ray powder diffraction (XRPD). Carbonates
preventing a complete sample suspension were
eliminated according to the methodology proposed
by Moore and Reynolds (1989). Oriented aggre-
gates (OA) were prepared with both the <2 mm and
2ÿ20 mm fractions, separated by sedimentation.
These OA were treated thermally (550ëC for 2 h)
and chemically (saturation with ethylene glycol and
dimethyl sulphoxide). Semi-quantitative estimations
were performed using the main peak of every
phase, according to the Schultz (1964) method. The
samples were analysed using an X-ray diffract-
ometer (Philips PW 1710), with Cu-Ka radiation,
40 kV and 30 mA, graphite monochromator,
2610
3
cps sensitivity, a time constant of 1 s,
measuring the 2ÿ60ë2y range in unoriented speci-
mens of both the raw and fired clays and the
2ÿ32ë2y range in the OA.
Chemical analysis of the principal elements was
performed using X-ray fluorescence spectrometry
(XRF) (Philips PW-1480) working with a Rh tube
at 30 kV and 60 mA.
In structural ceramics, the raw material consists,
basically, of a composition enriched in phyllosili-
cates, with variable contents of quartz and smaller
percentages of carbonates, feldspars and oxides.
Leaving aside this premise, the results obtained
from the sedimentological and mineralogical study
show that the units that constitute the depositional
sequences 1, 3 and 4 (which are high in carbonate,
or of heterolitic nature in terms of the siliciclastic
formations) have been ignored for technological
studies.
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Thus the raw materials used in this work are
those that constitute the formations of the deposi-
tional sequences 2, 5, 6 and 7, because they have
the maximum thickness of lutitic levels and are
more continuous along the stratigraphical series.
Thirteen representative samples were selected to
study the ceramic properties, according to the
following criteria: particle-size distribution
(Shepard, 1954), thickness of lutitic levels and
accessibility of the proposed area.
Granulometric analyses were carried out on the
grainsize range 2 mmÿ0.2 mm. Wet sieving was
utilized to measure the larger fraction (NORMA
U.N.E. 103ÿ101, 1995) while the fraction below
100 mm was analysed by photosedimentation
(Micromeritics-Sedigraph 5100 ET). The plasticity
was evaluated by the Atterberg limits (liquid and
plastic limits, according to the NORMA U.N.E.
103-103, (1994) and NORMA U.N.E. 103-104
(1993) standards, respectively). Thermo-dilato-
metric analyses were carried out on raw clays
using a Netzsch 402 E apparatus (25ÿ1000ëC,
heating rate 10ëC/min).
A laboratory simulation of the brickmaking
process was conducted through dry grinding
(hammer mill), extrusion (pneumatic non-vacuum
extruder) of 100620610 mm bars, drying at room
temperature (48 h) and in an oven (overnight),
firing in an electric chamber kiln at maximum
temperature of 900, 950 and 1000ëC, with a heating
rate of 3ëC/ min and soaking time of 4 h. During
the drying stage, the Bigot curve, drying shrinkage,
hygroscopicity and mechanical resistance (NORMA
U.N.E. 67042, 1988) were determined. On fired
samples, linear firing shrinkage, water absorption
(NORMA UNE 67027, 1984), mechanical resis-
tance (NORMA UNE 67042, 1998), open porosity,
apparent density and colour (LANGE Microcolor
colourimeter) were determined.
RESULTS
The siliciclastic formations selected for the
technological study were the Pinilla de los
Moros (SD-5), Pantano de la Cuerda del Pozo
(SD-6), Abejar and Castrillo de la Reina (SD-7)
FIG. 2. Stratigraphic sections studied.
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because they present the greatest extent and
thickness of lutite sediments. The other forma-
tions were ignored on the basis of their
sedimentological and mineralogical features,
since their areal distribution in the basin is very
small (SD-2 and SD-3), or their lutite levels are of
little economic interest and their mineralogical
compositions are too rich in carbonates, therefore
unsuitable for use in the manufacture of ceramic
products (SD-1 and SD-4).
The Jaramillo de la Fuente Formation (SD-2)
exhibits thick levels of lutites and a different source
area from the SD-5, 6 and 7 units (Arribas et al.,
2001; Arribas et al., 2003); though it is highly
heterogenous and present only in the northern
sector of the basin, several samples were taken
from the TRZ section in order to appraise its
suitability as a raw material for the ceramics
industry.
Sedimentology of the formations in the
Western Cameros Basin
The stratigraphical sections are shown in Fig. 2
and described as follows:
Jaramillo de la Fuente Formation (SD-2). This
unit (up to 400 m thick) is made up of lenticular
bodies of sandstones and silty clays, with minor
thin intercalated limestones, passing upwards and
laterally into the lacustrine-palustrine facies of the
Campolara Formation (maximum thickness 100 m).
Pinilla de los Moros Formation (SD-5). This
formation is widely distributed and represented
throughout the whole basin; it comprises ~400 m of
red silty clays and channellized fluvial sandstone
bodies.
Pantano de la Cuerda del Pozo Formation (SD-6).
This comprises lenticular sandstone bodies,
conglomerate, clay and loam, with small amounts
of limestones. The maximum thickness of the unit
is ~1,200 m.
Abejar Formation (SD-7). This unit is dominated
by sediments of alluvial fan and braided river origin
with abundant conglomerate, sands and sandstone
bodies.
Castrillo de la Reina Formation (SD-7). These
deposits reflect deposition from distal meandering
rivers. They include numerous lutite and loam
sections, while sandstone intervals are less
abundant.
In certain parts of the basin, the last two
formations can reach a thickness of 2000 m.
Mineralogy of the siliciclastic formations
Table 1 shows the results of the mineralogical
study of all the siliciclastic formations within the
Western Cameros basin, including both the global
(<53 mm) and the <2 mm fractions.
The Nuestra Sen
Ä
ora de Brezales Formation is,
along with the PenÄacoba Formation, very rich in
carbonates, contains no feldspars and has limited
amounts of quartz. The Jaramillo de la Fuente unit
is richer in phyllosilicates and feldspars, and has a
lower carbonate content relative to the other
formations. The other units (RõÂo del Salcedal,
Pinilla de los Moros, Pantano de la Cuerda del
Pozo, Abejar and Castrillo de la Reina) have a
similar composition, characterized by high percen-
tages of phyllosilicates and quartz, and minor
carbonate, feldspar and hematite (generally <7%).
The small differences in composition are mainly
due to carbonates in the MON section and the type
of clay minerals. Illite and kaolinite are always
predominant, except in the Jaramillo de la Fuente
Formation, where illite is associated with minor
chlorite concentrations. Randomly interstratified
illite-smectite was rarely found in the Pinilla de
los Moros and Pen
Ä
acoba Formations.
The global mineralogy of the different formations
filling the western sector of the Cameros Basin is
rather homogeneous, showing high phyllosilicate
contents (23ÿ84%) and quartz (8ÿ39%) and lower
proportions of feldspars (<10%), carbonates (<15%,
except for some samples presenting proportions
varying between 20 and 55%), and hematite (<8%).
The main variations among the samples are
associated with phyllosilicate and carbonate
contents (Arribas et al., 2003). In the <2 mm
fraction, the most common phyllosilicates are illite
(<80%) and kaolinite (<70%), the former being on
average the most abundant. Also present in small
proportions are chlorite (<10%) and irregular
interstratified illite-smectite (<5%).
Behaviour in ceramic applications
Thirteen representative samples were taken from
the five formations mentioned above. This section
examines the character of the raw materials and
their behaviour during shaping, drying and firing.
Characterization of raw materials. The selected
samples exhibit a diverse bulk mineralogical
composition (Table 1): phyllosilicates (43ÿ76%),
quartz (13ÿ32%), calcite (<7%, except the sample
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MON-23 with 25%), dolomite (<6%, except the
sample TRZ-19 with 22%), K-feldspar (<10%),
plagioclase (<6%), and hematite (<8%). The miner-
alogy of the <2 mm fraction indicates an abundance
of illite (36ÿ59%, except MUR-4 21%), variable
kaolinite content (0ÿ27%) and smaller percentages
of chlorite and randomly interstratified illite-smectite
(5% in TRZ-19 and COBA-1, respectively). Two
groups of raw materials, one mainly illitic (samples:
PEN
Ä
-5, MON-23, CTV,27, GAS-104, GAS-14,
GAN-3, COBA-1 and TRZ-19), and one illitic-
kaolinitic (samples: CTV-32, GAN-24, GAN-16,
MUR-4 and CTV-25), containing a kaolinite
content >15%, were established with regard to the
mineralogical composition of the clay fraction.
Chemical analysis (Table 2) shows a relative
abundance of silica (>55%) and alumina (15ÿ25%),
with an Fe content between 2 and 9% and a K
2
O
content between 2 and 6%, in agreement with the
illitic nature of clays. Sample MON-23 is an
exception. It presents the largest amount of CaO
(15%) and has a loss on ignition of almost 15%.
TABLE 1. Mineralogical composition of the different siliciclastic formations.
Global fraction <2 mm fraction
Depositional Formation Sample Qtz K-Fs Plg Cc Dol Hem Phy Ill Kln Chl I-S
sequence
DS-7
Castrillo de la PEN
Ä
-9 19 10 tr 3 tr tr 66 51 15 ÿ ÿ
Reina PEN
Ä
-7 16 10 ÿ 4 tr tr 67 57 10 ÿ ÿ
PEN
Ä
-5* 19 9 ÿ 3 tr tr 68 59 9 ÿ ÿ
PEN
Ä
-4 11 4 tr tr tr tr 80 72 8 ÿ ÿ
MON-33 13 tr 3 tr tr tr 80 35 44 ÿ tr
MON-32 16 tr 5 tr tr 5 69 39 30 ÿ ÿ
CTV-32* 26 3 4 3 3 tr 60 43 17 ÿ ÿ
CTV-31 23 tr tr tr tr 5 68 35 31 tr ÿ
CTV-29 26 tr tr 5 tr 6 60 43 14 3 ÿ
GAN-25 24 5 ÿ 4 ÿ tr 66 41 25 ÿ ÿ
GAN-24* 20 tr tr tr tr tr 71 49 22 ÿ ÿ
GAN-22 22 4 ÿ tr tr 5 66 44 22 ÿ ÿ
GAN-21 23 tr tr tr ÿ tr 70 47 23 ÿ ÿ
GAN-20 24 3 tr 4 3 3 62 40 22 ÿ ÿ
Abejar GAN-17 20 3 tr 4 tr ÿ 70 35 35 ÿ ÿ
GAN-16* 26 4 tr 4 tr ÿ 63 38 25 ÿ ÿ
GAN-15 22 4 tr 4 tr tr 66 44 22 ÿ ÿ
GAN-14 24 3 tr 3 tr tr 65 35 30 ÿ ÿ
GAN-12 23 tr tr 3 tr ÿ 70 29 41 ÿ ÿ
GAN-10 25 ÿ tr tr ÿ 4 69 17 52 ÿ ÿ
MUR-13 24 tr tr 3 tr tr 67 22 45 ÿ ÿ
MUR-7 30 4 tr 4 3 tr 58 19 39 ÿ ÿ
MUR-4* 32 4 tr 3 4 4 48 21 27 ÿ ÿ
MUR-3 30 tr tr tr tr tr 64 29 35 ÿ ÿ
DS-6
Pantano de la MON-26 12 3 ÿ 4 tr 3 76 71 5 ÿ ÿ
Cuerda del Pozo MON-23* 19 4 3 25 tr 4 43 37 6 ÿ ÿ
MON-22 18 3 tr 22 tr tr 50 44 6 ÿ ÿ
MON-21 14 tr ÿ tr ÿ tr 83 46 35 ÿ tr
MON-19 16 tr tr tr tr tr 80 54 26 ÿ ÿ
MON-18 14 tr ÿ tr tr tr 79 12 67 ÿ ÿ
MON-17 12 tr ÿ 25 tr 4 55 36 19 ÿ ÿ
CTV-27* 25 tr 3 4 3 3 59 46 13 ÿ ÿ
CTV-25* 22 3 4 4 3 7 56 36 20 ÿ ÿ
CTV-24 15 tr tr 3 4 5 69 43 26 ÿ ÿ
CTV-23 16 tr ÿ tr tr tr 76 59 17 ÿ ÿ
30 R. Artigas et al.
Particle-size distribution (Table 3) is similar in
almost all samples examined. Both the 2ÿ20 mm
(47ÿ66%) and the <2 mm (20ÿ38%) fractions
predominate over the coarser fractions, which
account for minor contributions: 20ÿ60 mm
(2ÿ22%) and >60 mm (<13%). Falling outside
these ranges are the samples COBA-1 and TRZ-
19 (50% and 15% <2 mm, respectively).
Table 1 (contd.)
Global fraction <2 mm fraction
Depositional Formation Sample Qtz K-Fs Plg Cc Dol Hem Phy Ill Kln Chl I-S
sequence
DS-5
Pinilla de los MON-13 11 5 ÿ 20 8 tr 54 44 8 tr ÿ
Moros MON-9 15 4 ÿ 16 8 tr 55 38 13 4 ÿ
MON-7 16 4 tr 17 7 tr 53 39 13 tr ÿ
CTV-20 25 tr 3 tr tr ÿ 68 38 30 ÿ ÿ
CTV-16 22 tr tr tr ÿ 4 71 50 21 ÿ ÿ
GAS-104* 15 4 4 4 4 tr 68 58 10 ÿ ÿ
GAS-103 15 tr tr 5 tr 5 70 55 13 tr ÿ
GAS-101 21 4 ÿ 3 3 tr 67 51 14 tr ÿ
GAS-19 13 3 tr tr 5 ÿ 75 52 23 ÿ ÿ
GAS-15 27 3 tr 3 tr ÿ 63 40 23 ÿ ÿ
GAS-14* 25 4 3 4 tr tr 61 56 5 ÿ ÿ
GAS-13 21 3 tr tr tr tr 71 60 10 tr ÿ
GAS-11 20 3 ÿ 5 5 3 64 47 15 tr ÿ
GAN-8 23 7 ÿ 5 tr ÿ 63 21 42 ÿ ÿ
GAN-6 24 tr ÿ tr ÿ 3 70 24 46 ÿ ÿ
GAN-4 30 tr tr tr tr 3 60 60 ÿ ÿ ÿ
GAN-3* 30 5 tr 3 tr 3 56 50 6 ÿ ÿ
GAN-2 26 ÿ ÿ 4 ÿ tr 69 53 16 ÿ ÿ
COBA-1* 13 tr tr 6 tr tr 76 58 13 ÿ 5
DS-4
Pen
Ä
acoba GAS-10 28 ÿ tr 16 6 ÿ 46 37 6 3 ÿ
GAS-9 25 ÿ ÿ 34 9 tr 32 24 5 3 ÿ
AHE-26 31 ÿ ÿ 23 ÿ ÿ 47 ÿ 46 ÿ tr
AHE-16 24 tr ÿ 43 ÿ tr 31 9 18 ÿ 4
AHE-14 32 ÿ ÿ 44 tr ÿ 23 6 14 ÿ 3
DS-3
RõÂo del Salcedal CTV-10 18 ÿ 6 tr tr tr 72 62 10 ÿ ÿ
CTV-7 18 tr 9 tr ÿ tr 67 59 8 ÿ ÿ
CTV-3 9 ÿ tr 3 tr 3 83 77 5 tr ÿ
DS-2
Jaramillo TRZ-24 8 tr tr tr 3 tr 84 79 ÿ 5 ÿ
de la Fuente TRZ-21 39 ÿ 8 12 tr tr 39 29 ÿ 10 ÿ
TRZ-19* 13 ÿ 5 5 22 4 52 47 ÿ 5 ÿ
TRZ-18 12 ÿ 3 4 tr tr 79 77 ÿ tr ÿ
TRZ-12 19 ÿ 5 13 ÿ tr 61 55 ÿ 6 ÿ
DS-1
Sra. de Brezales MON-1 19 tr ÿ 51 tr tr 26 18 8 ÿ ÿ
Symbols (Kretz, 1983): Qtz: quartz, Cc: calcite, Dol: dolomite, Plg: plagioclase, K-Fs: K-feldspar,
Hem: hematite, Phy: phyllosilicates, Ill: illite, Kln: kaolinite, Chl: chlorite, I-S: randomly mixed-layer illite-
smectite; tr: traces. The samples marked * are those selected for the study.
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Shaping behaviour. The behaviour of clays in
extrusion was appraised through plasticity measure-
ments (Table 4). Atterberg parameters vary in quite
limited ranges: plastic limit 15ÿ24%, liquid limit
25-38% and plastic index 8-18%. A single
exception was the sample COBA-1, which exhibits
very high values of liquid limit (~65%) and plastic
index (~41%), behaviour probably connected with
its particularly high phyllosilicates content,
including interstratified I-S.
Plotting the data in the plastic limit vs. plastic
index diagram, it appears that most samples fulfil
the rheological requirements currently accepted in
industrial practice (Bain, 1968; Marsigli and Dondi,
1997), though only three clays fall within the
optimal field for extrusion, demonstrating that these
raw materials are low-plasticity clays (Fig. 3). In
contrast, sample COBA-1 is too plastic for
extrusion: it could be used in brickmaking to
some extent as a plasticizing additive to balance
poorly plastic clay materials.
Drying behaviour. The results of the drying tests
are summarized in Table 4. Drying shrinkage values
are in a rather restricted range (3.4ÿ5.0%), except
on one side, sample COBA-1 has a higher value
(6.9%) and on the other side samples GAN-16 and
TRZ-19 exhibit values of ~2.6%. The different
shrinkage shown by the samples referred to is
related, to a large extent, to their finer (COBA-1) or
coarser particle size (TRZ-19).
TABLE 2. Chemical composition of raw materials.
Wt.% SiO
2
Al
2
O
3
TiO
2
Fe
2
O
3
MnO MgO CaO Na
2
O K
2
O P
2
O
5
LOI
PEN
Ä
-5 65.56 16.82 0.69 5.56 0.01 1.22 0.69 0.13 5.34 0.09 4.96
CTV-32 63.22 18.61 0.74 6.42 0.03 1.52 0.08 0.22 4.09 0.05 4.50
GAN-24 71.04 15.44 0.91 5.37 0.01 0.66 0.09 0.17 2.84 0.04 4.13
GAN-16 76.89 15.42 0.90 1.19 0.00 0.63 0.00 0.20 3.20 0.03 3.75
MUR-4 63.45 19.32 0.80 6.30 0.02 0.97 0.02 0.21 3.25 0.08 5.87
MON-23 46.21 12.42 0.66 5.39 0.18 1.77 15.04 0.54 3.29 0.07 14.63
CTV-27 68.12 16.28 0.73 5.09 0.02 1.43 0.17 0.18 4.16 0.08 4.19
CTV-25 57.51 20.68 0.75 8.55 0.07 1.37 0.94 0.25 4.29 0.08 6.30
GAS-104 57.58 19.21 0.80 7.20 0.03 1.80 0.39 0.24 4.82 0.08 6.99
GAS-14 72.41 14.87 0.71 2.98 0.03 1.88 1.58 0.15 3.37 0.05 5.94
GAN-3 69.86 15.38 0.68 4.85 0.03 1.39 1.22 0.15 3.74 0.07 5.54
COBA-1 57.64 16.02 0.83 6.05 0.05 1.55 5.15 0.40 3.92 0.06 9.69
TRZ-19 59.25 15.90 0.65 5.62 0.09 2.35 4.14 0.47 4.49 0.10 8.75
Total Fe as Fe
2
O
3
. LOI: Loss on ignition
TABLE 3. Granulometric distribution of raw materials.
Wt.% <2 mm 2ÿ20 mm 20ÿ60 mm 60ÿ200 mm 200ÿ400 mm 400ÿ1000 mm 1000ÿ2000 mm >2 mm
PEN
Ä
-5 33 49 10 4 3 1 0 0
CTV-32 33 55 8 1 1 1 1 0
GAN-24 38 59 7 2 2 1 1 0
GAN-16 35 52 11 2 0 0 0 0
MUR-4 28 54 12 2 1 1 1 1
MON-23 21 62 12 1 1 1 1 1
CTV-27 30 48 12 4 2 2 2 0
CTV-25 26 66 5 1 1 1 0 0
GAS-104 31 66 2 1 0 0 0 0
GAS-14 27 47 22 4 0 0 0 0
GAN-3 20 54 16 3 2 2 2 1
COBA-1 50 42 4 1 1 1 1 0
TRZ-19 15 69 11 1 1 1 1 1
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The Bigot curve measurements, obtained using the
barellatograph, show that the illitic materials behave
in a more uniform way, with respect to the illitic-
kaolinitic ones (Fig. 4). With the initial drying phase
carried out at a constant rate, which depends on the
temperature-humidity conditions, the slope of the
curve is similar in all samples. The most important
difference concerns the critical point at which the
clay reaches the leatherhard consistency and there is
no further shrinkage. When the variations in
shrinkage reached their minimum values, the drying
process could be accelerated. This point corresponds
to water contents as high as 8ÿ15% with the illitic-
kaolinitic samples having slightly lower values.
However, while most samples exhibit a distinct
shoulder, others present a gradual transition to the
non-shrinkage drying phase (e.g. GAN-16).
The moisture absorption capacity (hygroscopi-
city) is generally <1%, which implies a low
humidity reabsorption risk. The average hygro-
scopicity of illitic clays is somewhat greater than
that of illitic-kaolinitic ones (1.04% and 0.72%,
respectively). The higher values (COBA-1) are
clearly related to the occurrence of smectite.
The dry mechanical resistance, bending strength,
ranges from 6 to 87 kg/cm
2
(Table 4). The illitic-
kaolinitic clays exhibit slightly lower values
( 1 2ÿ2 9 k g / cm
2
) t h a n t h e i l l i t i c o n e s
TABLE 4. Plasticity and drying properties.
Samples Atterberg Drying behaviour
Liquid Plastic Plasticity Linear Bending strength Hygroscopicity
limit limit index shrinkage (%) (kg/cm
2
)
PEN
Ä
-5 30.50 18.74 11.76 4.7 30 1.17
CTV-32 31.70 20.65 11.05 4.1 24 0.65
GAN-24 34.60 16.58 18.02 4.2 29 0.58
GAN-16 34.35 19.57 14.78 2.6 12 0.32
MUR-4 37.35 20.15 17.20 3.4 15 0.63
MON-23 34.15 22.75 11.40 4.0 23 1.05
CTV-27 26.40 15.10 11.30 4.0 25 0.67
CTV-25 33.80 22.60 11.20 4.3 22 1.44
GAS-104 38.15 21.80 16.35 5.0 21 1.41
GAS-14 33.90 20.03 13.87 3.6 36 0.78
GAN-3 27.90 19.66 8.24 3.5 27 0.72
COBA-1 65.40 24.30 41.10 6.9 87 1.70
TRZ-19 25.54 18.03 7.51 2.7 6 0.88
FIG. 3. Prediction of extrusion behaviour on the basis of Atterberg plasticity limits (Bain, 1968; Dondi et al.,
1998b). 1: TR2-19; 2: COBA-1; 3: GAN-3; 4: GAS-14; 5: GAS-104; 6: CTV-25; 7: CTV-27; 8: MON-23;
9: MUR-4; 10: GAN-16; 11: GAN-24; 12: CTV-32; 13: PEN
Ä
-5.
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(21ÿ36 kg/cm
2
). The worst bend strength (e.g.
6ÿ15 kg/cm
2
, TRZ-19 and MUR-4) depends on
the small amount of phyllosilicates and the coarse
particle-size distribution, while the very high
resistance of COBA-1 (87 kg/cm
2
) is due to its
high clay minerals content.
Firing behaviour. Thermodilatometric curves are
reproduced in Fig. 5. All samples present a similar
expansion (1ÿ1.5%) until reaching 900ëC, followed
by shrinkage up to the maximum tested temperature
(1000ëC). During firing it was noticed that the
a-quartz was transformed into b-quartz, triggering a
sudden expansion (point A, Fig. 5), while the
opposite occurred (point D) during cooling. The
COBA-1 sample presented a distinctive behaviour,
with the greatest shrinkage values (4%) beginning
FIG. 4. Drying behaviour (Bigot's Curve).
FIG. 5. Dilatometric curves for materials.
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at a lower temperature (~850ëC, point B), while the
MON-23 sample (containing 25% calcite) under-
went a 0.6% shrinkage in the 875ÿ950ëC range,
followed by a further dilatation (0.5%) up to
1000ëC (point C).
Utilizing the results of the dilatometric test, an
optimum firing temperature can be established: it
must be at least 900ëC, because shrinkage of the
pieces begins around this value. Higher tempera-
tures should be adjusted to the ceramic properties,
such as water absorption and mechanical resistance.
Firing was carried out at 900, 950 and 1000ëC, and
water absorption (AA), linear shrinkage (CL),
mechanical resistance, open porosity and apparent
density were determined (Table 5).
The water absorption and linear shrinkage values
have been represented graphically in the vitrifica-
tion diagrams (Fig. 6) in order to observe the
evolution of the ceramic test bodies in line with
temperature change. As the firing temperature
increased there was a general tendency for an
increase in linear shrinkage and a reduction in water
absorption, as well as an increase in bulk density
and a decrease in the pore size.
The illitic clays' water absorption values range
between 9 and 20%, with shrinkages varying
between 1 and 3.5%. Noteworthy are the extreme
values shown by the COBA-1 (<8% water
absorption, and linear shrinkage between 2.4 and
3.9%) and MON-23 samples, the water absorption
values of which are within the range 26ÿ28%, and
the linear shrinkage values of which are between
1.1 and 0.6%. The illitic-kaolinitic samples present
average water absorption and linear shrinkage
values between 10 and 23%, and 0.8 and 2.3%,
respectively. It can be observed that, in general
terms, the illitic clays present smaller values for
water absorption and greater values for linear
shrinkage.
The mechanical resistance increased noticeably
as the firing temperature increased, presenting
results of 46ÿ206 kg/cm
2
for the illitic clays and
40ÿ142 kg/cm
2
for the illitic-kaolinitic clays
(Table 5).
Most results of colour measurements (L*, a* and
b*) correspond to reddish shades (Table 6). As the
firing temperature increased above 950ëC, the three
parameters L*, a* and b* decreased steadily, as the
pieces began to darken, due to the formation of
hematite after the Fe oxide contained in the clay
minerals. A different path is taken when there is a
low Fe content and a large amount of carbonates.
Using the XRPD patterns of the fired samples
(Fig. 7) it can be observed that at 900ëC the
following minerals were present: illite, quartz,
calcite, K-feldspar, plagioclase and hematite
(except GAN-16). All these minerals were present
up to 1000ëC, with the exception of illite, calcite
and dolomite, which gave rise to gehlenite,
wollastonite and anorthite, which began to form at
900ëC. Moreover, the amount of hematite increased
with the temperature.
D I SCUSS ION
The mineralogical composition is, according to
Palmonari and Nassetti (1993) and Enrique
Navarro and AmoroÂs Albaro (1985), ideal for the
manufacture of porous ceramic products.
The chemical analysis demonstrated that the high
silica, alumina and potash contents are associated
with the illitic nature of these clays. When CaO and
MgO are abundant, they are associated with the
high carbonate (calcite and dolomite) contents
found in some samples.
Two groups of raw materials, one illitic and the
other illitic-kaolinitic (with kaolinite >15%), were
identified on the basis of both the mineralogical and
chemical compositions of the fine fraction.
The results of the granulometric measurements
(Table 3) indicate that samples of both groups:
(1) are classified as loams and clayey loams
(Shepard, 1954); (2) are rich in fine fraction
(<2 mm); and (3) present a suitable grain-size
distribution for use as raw material in the building
ceramics industry (Ferrandis et al., 1974).
The reason for this suitability is that the
granulometric heterogeneity favours the packing of
the fine particles in the spaces left by the larger
particles. Sample COBA-1 is classified as loamy
clay since its grain size is concentrated in the
<2 mm fraction, a factor which affects its techno-
logical behaviour. Sample TRZ-19 is also note-
worthy due to its low <2 mm-fraction content,
leading to inadequate particle packing.
According to Winkler's diagram shown in Fig. 8,
most samples are located within, or very close to,
the field for the production of large-format ceramic
pieces.
During the drying process, two different stages
could be established in all of the samples. In the
first stage, most water utilized in the moulding
process was lost through surface evaporation until
they reached the leatherhard stage, corresponding to
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a humidity content in the 10ÿ15% range. Once this
level was reached, the second stage began, the
process slowing down because it now involved a
falling rate of evaporation from the interior of the
test ceramic bodies. This was also the moment
when the drying process could be accelerated
without encountering shrinkage problems. The
illitic-kaolinitic samples lost the working moisture
more quickly due to the low activity, meaning that
this group of samples has no water-retaining
qualities due to the system's high level of
permeability.
In general terms, the illitic-kaolinite clays offer
slightly less mechanical resistance when dry
(Table 5) than the illitic clays. Both groups fulfil
the drying-parameter requirements established by
TABLE 6. Colour analysis with the parameters L*, a* and b*.
Temperature (ëC)
Dry 900 950 1000
Samples L* a* b* L* a* b* L* a* b* L* a* b*
PEN
Ä
-5 58.23 15.68 15.90 50.92 26.21 25.10 49.37 26.63 23.76 45.08 24.49 19.86
CTV-32 49.98 13.24 13.76 57.37 24.80 22.90 56.78 25.93 21.64 53.38 22.50 19.63
GAN-24 50.45 15.57 17.32 56.88 26.93 24.09 54.34 28.95 25.46 51.38 27.19 22.13
GAN-16 77.58 2.87 13.38 76.01 13.54 14.29 76.86 10.82 15.89 78.05 11.52 17.05
MUR-4 58.04 14.50 20.92 59.43 24.05 23.56 59.53 25.94 24.43 57.66 24.93 23.65
MON-23 50.45 14.52 15.93 50.45 21.76 18.46 50.69 21.19 18.58 57.66 14.21 12.22
CTV-27 49.98 13.93 15.11 57.17 24.47 22.56 55.18 26.60 23.26 52.40 23.69 21.82
CTV-25 46.31 13.07 13.09 54.24 23.72 20.84 54.24 21.95 20.31 51.15 21.44 17.69
GAS-104 57.85 11.00 19.66 56.29 26.68 25.99 55.99 28.08 27.43 50.57 27.38 24.49
GAS-14 56.39 9.76 12.10 57.37 24.08 23.40 57.37 24.90 24.67 56.88 22.58 19.63
GAN-3 49.98 12.86 13.76 53.17 25.20 22.28 53.49 24.84 22.56 49.98 24.21 20.01
COBA-1 58.41 16.12 18.83 48.26 26.97 23.91 47.37 23.37 19.30 47.11 21.06 17.23
TRZ-19 51.04 13.11 12.48 50.57 22.05 18.38 54.24 21.87 16.28 52.62 21.78 16.23
FIG. 7. XRD patterns for high-temperature minerals, (a) for illitic materials; (b) for illitic-kaolinitic materials.
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Dondi et al. (1998a,b). Exceptions to the above are
samples TRZ-19, which, due to its low <2 mm
fraction content and low (15%) phyllosilicate
content, presents a very small mechanical resistance
(6 kg/cm
2
); and GAN-16 and MUR-4 (with 12 and
15 kg/cm
2
, respectively), due to their mineralogical
composition which includes excessive proportions
of quartz and kaolinite. Special mention must also
be made of sample COBA-1 which has the greatest
mechanical resistance and smallest shrinkage
values, due to its high phyllosilicate content (the
interstratified illite-smectite content, although rela-
tively small, is sufficient to increase the values of
the properties referred to above), and to its high
fine-fraction content.
The hygroscopicity data indicate that neither
group of raw materials absorbs >1.5% of water,
an acceptable figure for behaviour during firing.
Only sample COBA-1 exceeds this value due to its
mineralogical composition characterized by 5% of
interstratified illite-smectite.
It was observed from the dilatometric test that all
of the samples presented a progressive expansion up
to 900ëC, followed by shrinkage until 1000ëC,
triggered by the structural modifications of the pre-
existing minerals. These results coincide with those
presented by Munier and Meneret (1950) for illitic
clays. Shrinkage in sample COBA-1 is greatest due
to its mineralogical composition and granulometric
distribution, while the greatest expansion was found
in MON-23 starting at 950ëC due to the liberation
of gases produced by the decomposition of CaCO
3
into CaO and CO
2
. The onset of most illitic-
kaolinitic clay shrinkage processes was displaced to
higher temperatures due to the refractory nature of
kaolinite (GonzaÂlez-GarcõÂa et al., 1990; Kapur et
al., 1995). In some cases, in those samples showing
the highest kaolinite contents, shrinkage could
begin at 925ëC (MUR-4 and GAN-16).
During firing it was observed that water
absorption and open porosity were reduced as the
temperature increased. However, the measured
values are relatively high (>10%), meaning that
these firing temperatures are unsuitable for
manufacturing vitrified products. Only sample
COBA-1 gives dense products, though with a high
shrinkage value (>3%). Moreover, in the test
samples manufactured with this material, small
white grains, or `caliche', were produced. This
defect is associated with the presence of coarse
grains of calcite (>1 mm) which are unable to react
completely during firing and undergo a hydration
and carbonatation during cooling.
In the study of the high-temperature crystalline
phases, the disappearance of the most abundant
minerals (illite, calcite, feldspars and dolomite) was
observed together with an increase in hematite
content (triggering the appearance of a more intense
red colour) and the formation of silicates such as
wollastonite, gehlenite and anorthite (Peters and
Iberg, 1978; Dunham et al., 1992; Cultrone et al.,
2001), as a result of recombining the alumina and
silica with CaO coming from the decomposition of
the carbonates. These newly formed crystalline
phases increased the mechanical resistance of the
ceramic test bodies.
The variations in the technological parameters
were less pronounced in illitic-kaolinitic raw
materials due to the fact that they present smaller
proportions of fusible minerals, with respect to
illitic raw materials. Due to its high K
2
O content,
the melting point of the ceramic pieces made of the
illitic materials is correspondingly lower. There are
however samples that do not behave in this way,
e.g. COBA-1, MON-23, TRZ-19, GAN-16 and
MUR-4.
In summary, and taking into account the water
absorption, bending strength, linear shrinkage, open
porosity and apparent density requirements as
described by Dondi et al. (1998a,b), the studied
samples were found suitable for use as raw
materials in the manufacture of porous and red-
coloured ceramic building elements if fired at
temperatures of ~950ÿ1000ëC. There are,
however, exceptions (TRZ-19, GAN-16 and
MUR-4) among the studied raw materials, which
present a low mechanical resistance during both the
drying and firing processes. The reason for this
FIG. 8. Winkler (1954) diagram for the technological
classification of bodies for structural clay products.
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behaviour is to be found in their granulometry
(TRZ-19) and composition (high quartz and kaolin-
ite contents ÿ GAN-16 and MUR-4).
CONCLUS IONS
In the Cameros Basin, extensive outcrops expose
thick deposits of lutite materials within the SD-5, 6
and 7 siliciclastic formations. In most units, the
mineralogical composition is highly homogeneous,
showing small variations that can be attributed to
carbonates, illite and kaolinite. The samples
selected for the technological study are distin-
guished into two groups, one illitic and the other
illitic-kaolinitic (>15% kaolinite).
The laboratory simulation of the brickmaking
process demonstrated that these materials can be
utilized in the manufacture of red-coloured ceramic
building elements. The best firing temperature is
between 950 and 1000ëC. The raw materials TRZ-19,
GAN-16 and MUR-4 are unsuitable due to their low
mechanical resistance, due to their coarse-grained
particle distribution and/or mineralogy.
The samples CTV-25, CTV-27, CTV-32, GAN-
24 and GAS-104 are those which may be fired at
higher temperatures, as their mechanical resistance
increases while their water absorption decreases,
thus probably making them suitable materials for
manufacturing vitrified products.
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